ABSTRACT
INTRODUCTION
In Vietnam, flooding becomes a serious problem as more frequent flooding happened both from regular and from extreme climatic events such as tropical storms and typhoons, particularly in Ho Chi Minh City and Hanoi [1] . In response to the flooding challenges, besides climate change adaptation, the knowledge of the ground subsidence such as their spatial extent and their temporal evolution is essential.
Ground subsidence induced by water overexploitation of underground reservoirs is a common problem happened in many cities over the word. In Vietnam, the rapid increase of ground water use started in late 1990s. This result in the water table has been lowering, leading to the subsidence of some areas. In Hanoi, land subsidence at the rate of few centimeters per year can be measured at many groundwater pumping stations.
Multi-temporal
Interferometry SAR (InSAR) approach [2, 3] has already shown its ability in mapping ground deformation on a large spatial scale with short term data sampling rates. Particular in [3] , a Maximum Likelihood Estimator based, offers a rigorous way to jointly exploit not only stable point-like scatterers (socalled permanent scatterers -PS) but also distributed scatterers (DS). Such increased number of identified PS/DS points on the ground results at an increased confidence of the ground motion, compared to the previous PS algorithm [3] .
METHOD
The conventional spaceborne InSAR takes advantage of the geometry between two SAR acquisitions to obtain the interferometric phase, but this technique has issues relative to atmospheric, spatial and temporal decorrelations that cannot be efficiently eliminated resulting to not entirely reliable interferograms that represent the ground deformation [4] . This deficiency has been overcome by a specific analysis considering phase changes in a series of SAR images acquired at different times over the same region.
Let d(r,x,bn) represent a generic Single Look Complex (SLC) image of the spaceborne data stack, where (r,x) indicates the range and azimuth coordinates and bn is the normal baseline. We have [5] : (1) where is the interferometric phase, is the (zeroDoppler) distance between the target at ( x',y',z' ) and the n-th orbit acquisition, s is the complex value scatterer of the target, λ is the carrier wavelength, and f(r,x) is the system pulse response function.
is composed of the phase components related to deformation, residual topography, atmosphere, and noise: (2) where is the deformation phase, is the residual topographic phase, is the atmospheric phase, and is the phase noise. The goal is to estimate the deformation phase, which can be written as follows (assuming a constant velocity model):
where v is the mean deformation light of sight velocity of the target, and tn is the temporal baseline. The residual topographic phase is given as follows:
where is the residual topography, and θ is the local incidence angle. The atmospheric phase is the delay of the signal due to weather conditions. The phase noise is due to temporal decorrelation, mis-coregistration, uncompensated spectral shift decorrelation, orbital errors, and thermal noise. The main concept of the all multi-temporal InSAR techniques is the attempt to minimize the effects of the atmospheric phase and the phase noise to estimate the deformation phase (and the residual topographic phase) robustly.
Permanent/Persistent
Scatters Interferometry (PSI) is the first attempt to give a formal framework to the problem of multitemporal InSAR [1] . Instead of analyzing the entire images, the analysis is based only on the selection of a number of highly coherent, temporally stable, point-like targets within the imaged scene, which can be identified by analyzing the amplitude stability of every pixel [1] . However, such process is likely to fail in areas where the initial PS selection, based on amplitude stability, does not suffice to cover the whole imaged scene, as it may be the case of non urban areas.
Several approaches have been presented in literature to perform SAR interferometric analysis over scenes where the PS assumption may not be retained, e.g. by considering Distributed Scatterers (DS). A number of these works share the idea to minimize the effect of target decorrelation by exploitating of a set of interferograms taken with the shortest temporal and/or spatial baselines possible (Small Baseline Subsets (SBAS)) [6] . This approach can be considered as the complement of the PSI approach.
In the work by [7] and [3] , the estimation process of the residual topography and the deformation rate from not only PS but also DS targets, is split into two steps. In the first step, the Maximum Likelihood Estimation (MLE) is used that jointly exploits all N(N − 1)/2 interferograms available from N images, in order to squeeze the best estimates of the N − 1 interferometric phases. This step is known as name Phase Linking or Phase Triangulation [3] . Such step is very powerful for DS-based phase calibration in forest SAR tomography frame works, even with N=6 images [8] . The computational burden of the first step is very low, but the same performance as the one step MLE can be approached only under the condition that the N(N -1)/2 phases are estimated with sufficient accuracy, as it happens by exploiting a large estimation window and/or at high Signal To Noise Ratio. Once the first estimation step has yielded the estimates of the N-1 interferometric phases, the second step is required to separate the contributions of the decorrelation noises from the parameters of interest as in PS processing.
In this work, we are in principle following the two steps approach in MLE frame work to exploit not only PS but also DS information for estimating the deformation. The reader is referred to [1] for the full descriptions of the processing chain. The results are processed by the Irstea TomoSAR platorm which offers SAR, InSAR and tomography processing.
The Irstea TomoSAR platform was created by D. Ho Tong Minh through the framework of BIOMASS mission [8, 9, 10] . The kernel of this platform supports the entire processing from SAR, Interferometry, Polarimetry, to Tomography (so called TomoSAR). The TomoSAR platform is currently deployed as a service as demand (http://ids.equipexgeosud.fr/tomosar-services).
DATA
Hanoi is located in the delta area of the Red River. The city is situated about 100 km from the Gulf of Tonkin. The water for domestic and industrial use in Hanoi comes from wells located within and around the city. The heavy pumping of groundwater has produced a serious settlement problem, which in turn has affected surface structures in the city of Hanoi.
The first SAR stack is from Japan Aerospace Exploration Agency ALOS PALSAR L-band 2007-2011. Two other X-band SAR stacks are Cosmos Skymed (CSK) and TerraSAR (TSX) for the period 2011-2014. Table 1 reports the detailed information.
RESULTS
Three data stacks were processed by using the PS/DS processing. In Fig.1 , the averaged vertical velocity (mm/yr) map of these dataset is shown. Positive velocities (green colors) represent movement uplift; negative velocities (red colors) represent movement subsidence. In Fig.2 , to compare velocity values obtained by the reference levelling and the estimated PS/DS result, a buffer of 300 m diameter centered on each groundwater abstraction station will be associated with a cluster of PS/DS. All the PS/DS inside this cluster were used to calculate the average velocity of the cluster. The correlation R 2 is higher 0.8 and the Root Mean Square Error (RMSE) is less than 5 (mm/yr) for all ALOS PALSAR, TerreSAR-X and Cosmos SkyMed. In Fig. 3a , the joint distribution between TerreSAR-X and Cosmos SkyMed is shown to appreciate the similarly significant rate. In Fig.  3b , to further validate results, we show a displacement history from the PS/DS analysis with with levelling data of buildings in a subsidence Hoang Mai area. The statistic result R 2 = 0.86 and the RMSE is 4.0 (mm/yr), confirming their good agreement. This is expected as compared with the previous works [1, 7] . Hence, the PS/DS processing is effective to detect and estimate the subsidence phenomena. 
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DISCUSSIONS AND CONCLUSIONS
In all three dataset, the ground subsidence phenomena was found mostly in the south of the city (Hoang Mai, Ha Dinh -Ha Dong, Thanh Xuan) at the thick soft soil layer of Haihung formation, which is quite similar to the geological loam and silt loam areas as in Ho Chi Minh City [1] . The north of city as Tay Ho, and north Tu Liem district is more stable. The issue can be explained by stable soil and Qp aquifer (Pleistocene aquifer) supported by the Red river. Thanh Cong area where is famous in Hanoi with ground subsidence was detected by SAR method.
The main reason of land subsidence of Hanoi can be divided into two main kinds. The first kind is natural reason and the other one is artificial reason. Natural reasons include modern fault, compact sediment, seasonal fluctuation of groundwater and soft soil layers. The artificial reasons include exploitation groundwater; loading capacity by building or levelling; dynamic loading by transportation or under construction building; and suffusion, quicksand negative skin friction [11] . Related to artificial reason, exploitation groundwater pumping wells is most affected.
There are a lot of studies about influence of groundwater exploitation to land subsidence of Hanoi [12, 13] . [14] studied the land subsidence in Thanh Cong and Phap Van area by modelling. The study concludes that due to lack of land subsidence monitoring station, it cannot do mapping isocontour subsidence for whole of Hanoi inner city. During 2008-2009, [15] studied deformation of terrestrial by natural factors and mankind activities. It concludes that exploitation groundwater at Hadinh pumping station (Hadong) is main reason and the loading capacity by building is only secondary factor. But the results from Cosmos SkyMed data seem to be larger high velocity subsidence area than TerraSAR data (slope is 0.92). It needs to continue study and validation. By using PS/DS, not only subsidence history information but also average velocity of ground subsidence at Hanoi was detected. Particularly, at the moment, the metro lines are under-constructions and reducing exploitation ground water by Hanoi government. Therefore, combining PS/DS method and in-situ measurement is useful way for monitoring and predicting ground subsidence in Hanoi.
To conclude, the average subsidence velocity map has been retrieved by PS/DS processing and the validation indicates good agreement with in situ data. This allows us to provide unprecedented spatial extent and continuous temporal coverage of the subsidence of the Hanoi city. The study shows that subsidence depends on the geology stratigraphy. Coupled with the human involvement, the subsidence problem simply becomes worse. 
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